Pasteurella piscicidu strains were weakly or moderately adherent to cell lines, the levels of attachment being variable depending on the cells employed. All the isolates exhibited the highest binding capacity to CHSE-214 cells. Adhesive capacities were affected by heat and sugars but not by proteinase K or by treatment with antisera raised against the lipopolysaccharides of P. piscicidu, implicating components of glycoprotein(s) as ligands in the adhesion process. The isolates showed a great binding capacity to intestines from the marine fish hosts gilthead sea bream, sea bass and turbot, with values ranging from IO4 to IO5 bacteria/g. Although the P. piscicida strains showed a weak invasiveness in the poikilothermic cell lines employed as in vitro model, the bacteria remained viable inside the infected cells at least for 2 days. The invasion process was inhibited by cytochalasin D indicating the active participation of the host cell cytoskeleton in the internalization of P. piscicida.
Introduction
Pasteurella piscicida is the causal agent of the disease pasteurellosis which produces important economic losses in various wild and farmed marine fish species. P. piscicida is considered a homogeneous bacterial group since no biochemical and serological variations are found among strains [I] . Although the disease is multifactorial in nature, the precise patho-physiologic events involved in the infective process are not clearly understood. The presence of iron uptake mechanisms is associated with the pathogenic potential of the strains [2] . Moreover, extracellular products were involved in the ability of this microorganism to invade into and proliferate in the host [3] . Recently, it has also been reported that the presence of capsular material plays an important role in the pathogenesis of P. piscicida since it increases the virulence by conferring resistance to serum killing 141.
Adhesion of bacteria to tissues has been recog-nised as an important step in the pathogenesis of most infections in man and animals. The adherence capacity of bacterial pathogens to eukaryotic cell surfaces is mediated by macromolecules collectively known as adhesins. Simple or multiple adhesion systems may be expressed on the same bacterium and may be regulated by environmental and host conditions [5] . However, the adhesive and invasive abilities of P. piscicidu have not yet been explored. The aim of this work was to analyze these characteristics in several strains of this pathogen, of diverse origins, using poikilothermic cell lines and intestines from different fish species.
Materials and methods

Bacterial strains und cuhre conditions
Twelve Pusteurellu piscicidu strains with different origins, sources of isolation and degrees of virulence [ 1, 3] were used in this work (Table I ). All the strains were grown at 25°C in brain heart infusion The qualitative adherence assays were conducted following the method of . Briefly, the bacteria were inoculated onto cell monolayers at a multiplicity of infection (MOI) of 100. After 1 h of incubation, the medium was removed and the monolayers were washed vigorously two times with phosphate-buffered saline (PBS). The plates were fixed with Camoy (20 min), stained with Giemsa and examined for evidence of bacterial adherence using an inverted microscope.
For a quantitative assay the monolayers were then lysed in 1% Triton X-100 in sterile water for 5 min. The ability of bacteria to adhere to the cells was determined by spreading serial dilutions of each supematant onto BHIA-2 plates. Results were expressed as the percentage of the original bacterial inoculum and were the mean of two separate determinations.
Inhibition of P. piscicida adherence
The effect of heating, enzymes, sugars and antisera raised against the lipopolysaccharides on the adherence of P. piscicidu to cell lines was evaluated. For heat treatment, the strains were suspended in MEM and heated at 80°C for 10 min. The enzymatic assay was performed by adding buffered proteinase K (Sigma Chemical Co.) solution (10 mg/ml) to the bacterial suspensions and incubating at 30°C for 1 h. The effect of sugars was evaluated in two ways: 6) mixing equal volumes of bacterial suspensions and solutions of 1% (w/v) b-mannose, L-fucose and D-galactose (Sigma) in PBS; (ii) adding to the monolayers the sugar solutions 15 min prior the adherence assays. Untreated bacteria and monolayers were tested simultaneously with the treated samples. Antisera against the lipopolysaccharides (LPS) of the P. piscicida DI 21 strain were raised in rabbits following the procedure described by Toranzo et al. [8] . To perform the inhibition adherence assays, the bacterial suspensions were previously incubated with the antiserum for 1 h at 25°C.
Incasion assays
Bacterial inocula at a MO1 of 100 were added to each well. After 1 h incubation at 25°C the monolayers were washed with PBS, and incubated for a further 2 h in MEM containing 50 rug of gentamicin per ml to kill extracellular bacteria. Then, monolayers were washed two times with PBS and lysed with a 1% Triton X-100 solution to release bacteria that had penetrated the cells. Intracellular bacteria were quantified by spreading. dilutions of the lysate onto BHIA-2 plates. According to the criterion described by Janda et al. [9] . a strain was considered invasive when the number of intracellular bacteria was in the range of 10' to more than lo3 colony-forming units (CFU) per well. Controls were run in parallel to ensure viability of the bacteria.
To evaluate the significance of the invasion process, a long-term survival experiment (up to 7 days postinfection) was carried out with the CHSE-214 cell line. Infected cell monolayers were incubated for 5 h, washed extensively, and again incubated for 5 h with gentamicin (100 pg/ml).
The gentamicin concentration was then reduced to 10 pg/ml throughout the incubation period. At intervals of 24 h, plates of BHIA-2 were spread with the lysates to determine the survival of intracellular bacteria.
Cytochalasin treatment
To determine whether host cell microfilament-dependent pathways were involved in the intemalization of P. piscicida, monolayers of the cell line CHSE-214 were treated with cytochalasin D (Sigma). Cytochalasin D was prepared as a 1.0 mg/ml stock solution in dimethylsulfoxide (Sigma). Semiconfluent monolayers were incubated with medium containing 2.0 pg of cytochalasin D per ml. After 1 h, the monolayers were infected with approximately 2 X 10' P. piscicidu bacteria in medium containing cytochalasin D and the experiments were continued as described above for the invasion assays. Analogous experiments with medium lacking cytochalasin D served as controls. All the assays were performed in duplicate. The data were analyzed with the chisquare test and probabilities lower than 0.05 (P < 0.05) were considered significant.
Cell-to-cell spread
Intercellular spread of P. piscicidu was measured by a plaque assay described by Maurelli [lo] . Plaques or foci of dead CHSE-214 cells become visible to the naked eye after 72 h. The monolayer was stained with neutral red to identify viable cells and provide greater contrast for viewing the plaques which were observed by inversion microscopy.
Adhesion of P. piscicidu to fish intestines
The adhesion of P. piscicidu to intestines from the marine fish sea bream (Sparus aurata), sea bass (Dicentrarchus Iabrax) and turbot (Scophthalmus maximus), was determined quantitatively following the method of Horne and Baxendale [ 1 I]. Briefly. intestines were washed several times with PBS and cut into small fragments. Each piece of intestine was immersed in a bacterial suspension (3.6 X IO6 cells/g of intestine) and incubated for I5 min at 25°C. The intestines were washed seven times in PBS and homogenized in 1 ml of this solution. Serial dilutions of the suspensions obtained were then plated out on BHIA-2 plates and incubated for 24-48 h at 25°C. Results were expressed as the number of bacteria recovered per gram of intestine. The qualitative assays were performed as described by Yamamoto and Yokota [ 121 using a Hitachi H-300 electron microscope.
Results
P. piscicida isolates showed weak adherence in
vitro with values ranging from I to 10 bacteria/cell. However, the levels of attachment were dependent Table 2 Invasion abilities of Pastrurrlh piscicidu strain5 on the cell line tested. Whereas in the CHSE-214 cells all the strains were recovered in at least 2% from the initial inoculum. in the other cell lines the percentage of bacteria recovered was variable but, in the majority of the strains, less than 1% ( Table I) .
The heat treatment inhibited the adherence capacity of the strains. Moreover. adhesion was decreased by the addition of D-galactose (in RTM, EPC or CHSE-2 14 cell lines) or D-mannose (in SBL cells) to the tissue culture medium (in l-2 log-units), but not by the addition of L-fucose. This effect was not present when the treatment with sugars was applied to the bacteria instead of to the cell monolayers. Treatment of the strains with proteinase K or with the antiserum raised in rabbit against the lipopolysaccharides (LPS) of strain DI 21 did not alter the adherence capacity of the P. piscicida isolates.
P. piscicida strains adhered strongly to the intestines from sea bream, sea bass and turbot in numbers ranging from 10" to 10' bacteria/g of intestine depending on the bacterial isolate and the fish species employed. These results were clearly supported by the scanning electron microscopy studies. Fig. 1 shows the specific adherence of the P. piscicidu DI 21 isolate to sea bream intestine.
The results on the invasion of different poikilothermic cell lines by P. piscicidu indicated that, following the Janda index [9], the strains can be considered weakly or moderately invasive, with the number of intracellular bacteria ranging from 10' to lo3 (Table 2) . A correlation between the adherence and invasion processes was not found because a higher level of cell attachment of a particular strain was not necessarily followed by a greater invasiveness. Since P. piscicidu isolates exhibited the highest capacity to bind to and invade the CHSE-214 eukaryotic cells, we chose this cell line as a model for the next assays.
The long-term survival experiment revealed that the P. piscicidu strains remained viable at levels of 2.0 X 10' CFU during the first 48 h. Then, the number of P. piscicidu decreased until no viable cells were detected after 4 days. However, the P. piscicidu isolates showed capacity to spread to adjacent cells from the initially infected cell, forming plaques of dead cells. These plaques were visualized after 72 h of incubation at 25°C (data not shown).
Cytochalasin D treatment of CHSE-214 monolayer caused a decrease, ranging from 98 and lOO%, in the internalization of the strains in this poikilothermic cell line (P < 0.05) suggesting that P. piscicidu entered host cells via a microfilament-dependent pathway.
Discussion
Adhesion
is an important factor in bacterial pathogenicity, since it promotes the delivery of bacterial toxins and precedes penetration of target cells by microorganisms.
To our knowledge, studies concerning the adherence and invasive properties of P. piscicidu have not been reported. In this work we have analyzed the capacity of P. piscicidu strains to adhere and invade cultured poikilothermic cell lines.
The experiments showed that P. piscicidu is weakly or moderately adherent to cultured fish cells. The differences in the levels of adhesion detected in this study among the P. piscicidu strains can not be correlated with their pathogenic potential, since all the isolates showed similar adhesive patterns. The degree of attachment displayed by P. piscicidu was greater than that shown by the non-adherent V. unguillurum strain used as control and similar to that reported for other known adherent bacteria such as Y. ruckeri [6]. It is interesting to note that although the isolates showed a moderate binding capacity to fish cell lines, all the strains were able to adhere in high numbers to intestines from marine fish such as sea bream, sea bass and turbot.
The experiments carried out in order to explore the nature of the substances implicated in the attachment demonstrated that adherence to poikilotbermic cells was inhibited by heat and sugars but was not affected by proteases or by treating the bacteria with antisera raised against the LPS of P. piscicidu. These results could indicate that the molecules involved in the adhesion process could be components, of glycoproteic nature, of the bacterial cell surface.
Pasteurella piscicidu was able to invade the cell lines tested and to remain viable inside the infected cells at least for 2 days. which indicates the relative inefficacy of this cell line in killing intracellular bacteria. Therefore, as suggested by Plotkowski et al. [ 131 for Pseudomonus aeruginosa, cells may provide an environment protected from host defense mechanisms and/or exogenous antimicrobial agents (i.e. antibiotics) and thus contribute to the progression of the disease. These results are in agreement with our previous findings [14] , in which it was demonstrated that P. piscicidu cells can proliferate within macrophages without suffering apparent morphological changes. In addition, the intracellular bacteria damaged the infected cells, resulting in the release of microorganisms to the culture medium and. therefore, the invasion of adjacent cells. In fact, the capacity to produce enzymes and/or toxins such as proteases, phospholipases and cytolytic substances can account for this cell damage [3] .
Although few parasites actively invade eukaryotic cells, most microorganisms invade host cells by exploiting existing eukaryotic internalization pathways. The inhibition of invasion in the presence of cytochalasin D indicated that, similar to that reported in other Gram-negative microorganisms such as Huemophilus ducreyi, Pseudomonas ueruginosu, Salmonella typhimurium and Esc~herichiu L*oli [ 13, I 51 , actin microfilament-dependent mechanisms are required for the internalization of P. piscicidu.
In conclusion, the adherence and invasive capacities of P. piscicidu demonstrated here can play a role in the pathogenesis of pasteurellosis at an early stage in the disease process in which the bacteria need to possess the ability to overcome the bactericidal activity of fish serum. Moreover, the intracellular survival of P. piscicidu may be relevant in vivo in order to guarantee long-term maintenance of the bacteria in the infected tissue. which could contribute to a carrier status or to a chronic infection.
